The equilibrium reconstruction is important to study the tokamak plasma physical processes. To analyze the contribution of fast ions to the equilibrium, the kinetic equilibria at two time-slices in a typical H-mode discharge with different auxiliary heatings are reconstructed by using magnetic diagnostics, kinetic diagnostics and TRANSP code. It is found that the fast-ion pressure might be up to one-third of the plasma pressure and the contribution is mainly in the core plasma due to the neutral beam injection power is primarily deposited in the core region. The fast-ion current contributes mainly in the core region while contributes little to the pedestal current. A steep pressure gradient in the pedestal is observed which gives rise to a strong edge current. It is proved that the fast ion effects cannot be ignored and should be considered in the future study of EAST.
Introduction
Recently, a variety of high performance discharges were achieved on EAST, in which #62585 is an important one. Many interesting physics, such as edge-localized modes (ELMy) [1] and Alfven eigenmodes (AEs) [2] triggered by fast ions, are observed in this shot. To study the physics involved, the plasma equilibrium, which can give very useful information such as plasma geometry, safety factor, pressure and current profiles, is necessary for performing data analysis and physics modeling and simulations.
To reconstruct such a kinetic equilibrium, we should use the magnetic equilibrium and the diagnostic data [3] [4] [5] [6] [7] [8] [9] [10] . The kinetic equilibrium reconstruction is based on GradShafranov equation (GSE). There are several methods and numerical codes developed for this reconstruction job. In this paper, the EFIT code [3, 6] is applied, which is one of widely used codes on many tokamaks in the world. Firstly, we should get the magnetic equilibrium reconstructed from diagnostic measurements. Secondly, the kinetic profiles should be obtained, including the bootstrap current and the fast-ion pressure, contributed by neutral beam injection (NBI) [11] [12] [13] and ion cyclotron resonance heating (ICRH) [14] , which is the main aim of this paper. At last, with the kinetic profiles and the magnetic equilibrium, we use the EFIT code to solve the GSE equation and find the kinetic equilibrium.
In the past the equilibrium reconstructions for EAST experiments are performed by EFIT coupled with the transport code ONETWO [9] . And the auxiliary heating is only LH waves current drive (LHCD). Nowadays, we have NBI, LHCD, ICRH and electron cyclotron resonance heating (ECRH). In this paper, we should understand the contribution of the fast-ion pressure. Generally, ONETWO can include the pressure contribution due to NBI, but does not include that due to ICRH [15, 16] . So, calculating the fast-ion pressure profile induced by ICRH is one of the challenges in this paper. It is the first time to include the effect of ICRH in the equilibrium reconstruction on EAST experiments, which may play a significant role in future experiments with high power ICRH. The ICRH induced fast-ion pressure can be obtained by many ways [17] [18] [19] [20] . Here in this paper, the transport code TRANSP [21] will be adopted to calculate the current density and the pressure including the contribution of fast ions. This work will document the method for kinetic equilibrium reconstruction on EAST using EFIT and TRANSP, which includes the contribution of both ICRH and NBI appropriately.
When TRANSP calculates the total fast-ion pressure, it will call the Monte Carlo code, NUBEAM [22] , and the fullwave code, TORIC [23] , to analyze physics quantities related to fast ions, such as the fast-ion pressure, the driven current, the neutron emission, the power deposition and loss. In this paper, regarding the current density, the contribution of fast ions to current is assumed to be mainly in the core of the plasma, while it has a negligible impact in the pedestal region. This will be further explained in section 4.2. Generally, the current density in the confined edge region of a tokamak plasma consists of three parts: Ohmic current, auxiliary driven current and bootstrap current. In TRANSP code the Sauter model [24, 25] is applied to calculate the bootstrap current, which depends on the temperature gradient and density gradient in the plasma. This paper is organized as follows. The experimental setups and modelings are presented in section 2. Section 3 describes the simulations of fast ions. The equilibria reconstruction is presented in section 4. Section 5 shows the comparison of equilibria of different time slices. The conclusion and discussion are presented in section 6.
Experimental setup and modeling
The EAST discharge #62585, shown in figure 1, is In order to produce a kinetic equilibrium, we have to obtain the profiles from the diagnostics: the electron temperature T , e electron density n , e main ion temperature T , i main ion density n , i effective charge Z (Z eff ) and the pressure contributed by the fast ions P . f Then the pressure profile is calculated by using this formula:
where the impurity temperature is assumed to be the same as the main ion temperature T. i In the experiment, T e is measured by the Thomson scattering (TS) [31, 32] , n e is measured by the TS, the polarimeter-interferometer (POINT) [33] . With the assumption of a single impurity (usually carbon), n i and n z are deduced from the measured Z eff and n e according to the quasi-neutrality condition. Z eff is from the visible bremsstrahlung [34] . T i comes from the charge exchange recombination spectroscopy [35, 36] and the x-ray imaging crystal spectrometer [37, 38] data at the central region and match T T i e = in the edge region. During this scenario, the fast-ion D-alpha diagnostic is still under development on EAST, so direct measurement of the contribution of fast particles is unavailable. So, P f is obtained only by numerical simulations, which is major work in this paper.
One challenge of the reconstruction is to obtain the fastion pressure. The TRANSP code has been applied to compute neoclassical fast-ion distribution functions. In TRANSP the NUBEAM code is used to model the heating and current drive from NBI, and the TORIC code is used for ICRH, requiring the evolution of kinetic profiles, magnetic measurements and the auxiliary heating information. In this work, we consider the contribution of NBI and ICRH separately. The possible synergy effect by NBI and ICRH on fast ions is left to the future work.
Fast ion simulations

Data and fittings
To calculate the fast-ion pressure, the experimentally measured data need to be fitted and be mapped into flux surface coordinate first. The results at t=2.8 and 3.8 s are shown in figure 2 . Currently, the Brem system can only provide the line-averaged measurement. Hence the Z eff profile is assumed to be flat. For this discharge, Z eff ≈3.21.
Simulations at t=2.8 s
At t=2.8 s, besides LHCD and ECRH, only NBIL is turned on. For discharge #62585, the experiment is performed with on-axis NBI. The simulation results are shown in figure 3 . Figure 3 (a) illustrates the composition of the total pressure. As shown in the results, the impurity pressure contributes very little, the NBI induced fast-ion pressure and power deposition are highest in the core region. It should be noticed that the Z eff profile is assumed to be flat as mentioned above, the impurity pressure is highest in the core region that does not agree with facts. Figure 3 (b) plots the total electron and ion heating power, which is the volume integral of power densities. One can conclude that the electron heating is more than the ion heating, this can explain why the electron pressure is larger than the ion pressure shown in figure 3(a) .
Generally, for on-axis NBI heating, the power is mainly deposited in the core region. This is caused by many parameters such as the plasma density, the beam energy and the injection angle. As shown in previous simulations [39] , the deposited power increases with the injection angle increases, and 19.5°is the angle in #62585. The shine-through will increase with the beam energy increases [40] . For #62585, according to previous simulations and experiments [11-13, 39, 40] , the beam energies are selected to ensure the beam power is mainly deposited in the core region as shown in figure 3 (c). figure 3(d) , it can be seen about 80% electron power and 100% ion power are contributed by NBI.
Simulations at t=3.8 s
At t=3.8 s, there are two more fast ions sources, NBIR and ICRH. The total pressure increases from 0. 32 10 5 Pa to 
10 5
Pa, all components of the total pressure increase, the composition of the total pressure is shown in figure 4(a) . NBIL and NBIR have close powers, so the induced fast-ion pressures are close, the NBI induced fast-ion pressure is nearly doubled compared with results that at t=2.8 s, as shown in figure 4(b) . The difference of pressures between NBIL and NBIR is caused by their different injection angles and energies. The impurity pressure does not change too much, it still does not impact the total pressure. This suggests the heatings do not affect the impurity pressure much. In figure 4 (b), it should be mentioned that the ICRH induced fast-ion pressure is around 1/4 of what the NBI induced.
With the working of all the auxiliary heatings, the electron heating and the ion heating are both doubled, as illustrated in figure 4(c) . Figure 4 (d) presents the radial power deposition profiles of NBI and ICRH, in which the denotations are as same as figure 3(d) and r denotes NBIR, ic denotes ICRH. It can be seen in figure 4(c) that the electron heating is still larger than the ion one. That means there are more electrons heated than ions. So, compared with the results at t=2.8 s, the difference between the electron and ion heating is larger at t=3.8 s. It can partially explain that the electron pressure increases larger than the ion pressure as plotted in figure 4(a) . It can be seen that, compared figure 4(c) with figure 4(d), about 75% electron power and 84% ion power are contributed by NBI, where the fractions of NBIL are 42% and 34%, and those of NBIR are 33% and 38%. The ICRH contributions are approximately 8% and 16% respectively. It implies that most of the increased electron pressure is contributed by the NBIR.
It can be found in figure 4 (e) that the radial power deposition profiles are similar to the pressure profiles: the power deposition of ICRH is around 1/2 of that of NBI in the core region. It is because of the relatively lower power of ICRH.
Kinetic equilibrium reconstruction of EAST shot #62585 with NBI and ICRH
In this work, we have produced two equilibria at t=2.8 and 3.8 s. As presented in figure 1 , at t=3.8 s, there are more auxiliary heating systems working, and more fast ions produced than those at t=2.8 s. In this section, the kinetic equilibria are reconstructed at t=2.8 s and t=3.8 s respectively. 
Kinetic pressure constraint
With fitted kinetic profiles, the pressure profile could be calculated using equation (1) . The calculated pressure profile would be inputted to EFIT as the pressure constraint. The uncertainty of the calculated pressure profile is set to 10%, which is defined as M C ,
s are i'th magnetic measurement data, the computed value and the corresponding uncertainty respectively. The simulation results are shown in figure 5 . Figure 5 (a) plots the pressure profiles, which indicate that the contribution of the fast-ion pressure reaches about 30% of the total plasma pressure in the core region. Figure 5 (b)-(d) presents current profiles, q profiles and plasma configurations respectively. The kinetic profile is much steeper in the pedestal region compared with the magnetic one, which is one of the features of the H-mode plasma.
Edge current profile constraint
Apart from the pressure profile, the current profile is another important constraint to reconstruct the kinetic equilibrium. One method that can be employed to directly measure the current density in a tokamak is the motional stark effect diagnostic [41] , such as on MAST and DIII-D. Another option is to measure the Zeeman splitting of lithium 2s-2p transition lines (Li beam) [42] , such as on DIII-D. So far, neither of these measurements are available on EAST.
Nevertheless, the current profile in the edge region can be achieved by using the constraint of the bootstrap current, which is especially important for H-mode plasma. Generally, the current in a tokamak consists of three components: Ohmic current, auxiliary driven current and bootstrap current. In the edge region of H-mode plasma, the current is dominated by the bootstrap current [43, 44] and a local current density peak is generated. In this paper, the Sauter model is used to calculate the bootstrap current. As mentioned above, in this discharge, all the auxiliary heating systems are applied. On EAST, the LHCD and ECRH are used to drive current. However, the simulations showed generally the driven currents vanishes at the edge region [26, 45, 46] . The simulation result shown in figure 5(b) indicates that the fast ion current contributes only a few percentages at the top of the pedestal and vanishes in the pedestal. Accordingly, the fast ion current profile is omitted. Hence only the calculated bootstrap current is necessary to be used to constrain the edge current. 
Reconstruction results
With the measured pressure profile, the edge current profile mentioned above and the initial magnetic diagnostics, the kinetic equilibrium is yielded from the EFIT code. For the magnetic equilibrium, the error quality function is 2 c =4.98. For the kinetic equilibrium, the error quality function is 2 c =17.1. It seems the 2 c increases. However, the error function is difficult to evaluate. Firstly, the error function becomes larger because of the adding of the pressure profile. And the more constraints are added, the larger the 2 c gets. Secondly, the magnetic measurements have 35 flux loop signals measurement points+38 magnetic probe signals measurement points+12 current arrays measurement points, 17.1=35+38+12=85, it is still relatively small; on the other hand, the plasma shapes and global parameters of the kinetic equilibrium and the magnetic equilibrium differs little. Hence, the result is acceptable.
The reconstruction results are showed in figure 5 . The comparison of the pressure profiles, current profiles, q profiles and plasma configurations are plotted. It is found that, compared with the magnetic equilibrium, the biggest differences are that the new one has a much steeper pressure gradient and a self-consistent bootstrap current. These differences are missed in the magnetic equilibrium. Since the fast ions are mainly in the core region, the pressure gradient in the edge region is contributed by the bulk plasma. For EAST, the core current is mainly driven by LHCD. However, the simulated driven current of LHCD has not been fully validated by experimental results. Hence LHCD is not used to constrain the core current. Therefore, the core current is not so reliable as the edge current. It should be noticed that the NBI current fraction is about 20% of total current as depicted in figure 5(b) , which is similar to the fraction on JET and JT-60U [47] .
Comparison with the equilibrium at t=2.8 s
With the same method, we produce the equilibrium t=2.8 s.
Results are shown in figure 6 . At t=2.8 s, the NBIR turns on, then the plasma enters into H-mode immediately, the temperature, density and the store energy rise up. The magnetic flux surfaces do not change much during the following one-second-long heating (see figures 6(a)-(d) ). It can be seen that the heating is not a factor that can affect the flux surfaces.
With the heating of new added NBIR and ICRH, the central electron temperature rises from 1.9 to 2.2 keV, while central ion temperature rises more than electron temperature, from 1.6 to 2.3 keV. The core electron density increases by 16%. And the central pressure increases from 31 to 43 kPa, the pressure profile in the pedestal region becomes much steeper. This is mainly because of the heating of NBI. In addition, the neutral particles have a bigger cross-section with the bulk ion particles due to the fact that the electron temperature is high and the beam energy is lower than the critical are atomic weights of the injected ion and plasma ion respectively. Hence, the heating efficiency of NBI to ions is higher than that to electrons. That is part of the reason why the ion temperature becomes higher than the electron one.
The q profile in the core region, as illustrated in figure 6(e) , increases. The bootstrap current increases due to the fact that the pressure gradient increases in the pedestal region. Hence one can know the core current decreases. However, the decreased current is only about 10% of total current, which is within the error bar of equilibrium reconstruction. The reason may be that the core current is lack of constraints.
The profiles of fast-ion pressure are shown in figure 6(f) . With the heating of new turned-on NBIR and ICRH, the fastion pressure increases by twice, which increases the total pressure profile, especially in the core region. Moreover, at the time of turning on NBIR or ICRH, the fast ions increase rapidly, which may cause the pressure gradient in some local regions increases suddenly, resulting in some MHD instabilities such as AEs, EPM and fishbone.
Conclusion and discussion
In this paper, we have simulated the fast-ion pressures and reconstructed kinetic equilibria for the NBI and ICRH heated plasma on EAST tokamak by using magnetic diagnostics together with the constraints of pressure profiles and the edge current profile which is based upon the neoclassical theory. For NBI and ICRH heated plasma, a large number of fast ions are produced which can affect the plasma equilibrium.
Compared to the magnetic equilibrium, the kinetic one has a steeper pressure profile and a self-consistent bootstrap current resulted by the pressure gradient in the edge region. The pressure gradient in the edge region is contributed by bulk particles, since that the fast ions are mainly in the core region. However, fast ions will cause the increase of the pressure in some local regions, resulting in some MHD instabilities. These differences are missed in the magnetic equilibrium. These phenomena are what many experimental analyses and theoretical studies care about. In fact the fast ions will also induce the bootstrap current, however, the fraction is still too small compared to the total current [49] . Hence the edge current is reliable. While in the core region the current is free of constraints, the core current is not so reliable as the edge current. Recently, Qian et al developed a new technique to constrain the current and q profile via POINT measurement [50] . With this technique the current profile can be more accurate and reliable in the future work.
It is found that ICRH induced the fast-ion pressure contributes little to total pressure because of the relatively low ICRH power. The method documented in this work including the coupling of EFIT and TRANSP should be the first choice in future EAST experiments with high power ICRH.
Through the comparison of two time-slice equilibria of an EAST reference H-mode discharge #62585, it is found that NBI dominates the ion heating, and increases the pressure gradient and densities. Of course, NBI also heats electrons, however, the electron heating is not so efficient with the present scope of EAST experiments. The main reason is due to the high electron temperature. And at the time of turning on NBI or ICRH, the suddenly increased pressure gradient may cause some MHD instabilities such as AEs, EPM and fishbone. This needs to be investigated in the future. 
